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We report a quantitative analysis of the different bipolar cell types of themouse retina. Theywere identified in wild-typemice by specific
antibodies or in transgenicmouse lines by specific expression of green fluorescent protein or Clomeleon. The bipolar cell densities, their
cone contacts, their dendritic coverage, and their axonal tilingweremeasured in retinal wholemounts. The results show that each and all
conesare contactedbyat least onememberof anygiven typeofbipolar cell (not consideringgenuineblue cones). Consequently, eachcone
feeds its light signals into a minimum of 10 different bipolar cells. Parallel processing of an image projected onto the retina, therefore,
starts at the first synapse of the retina, the cone pedicle. The quantitative analysis suggests that our proposed catalog of 11 cone bipolar
cells and one rod bipolar cell is complete, and all major bipolar cell types of the mouse retina appear to have been discovered.
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Introduction
Bipolar cells transfer the light signals from the photoreceptors
(cones and rods) to amacrine and ganglion cells. There are at least
nine morphological types of cone bipolar (CB) and one type of
rod bipolar (RB) cells in the mammalian retina. They differ in
their dendritic branching pattern, the number of cones con-
tacted, and the shape and stratification level of their axons in the
inner plexiform layer (IPL) (Masland, 2001;Wa¨ssle, 2004, 2008).
Functionally, bipolar cells can be subdivided, according to
their light responses, into ON and OFF bipolar cells (Kolb and
Nelson, 1995; Euler et al., 1996; Hartveit, 1997; DeVries, 2000).
This functional dichotomy is the result of the expression of dif-
ferent glutamate receptors (GluRs) at the synapses between pho-
toreceptors and bipolar cell dendrites (Nomura et al., 1994;
Brandsta¨tter et al., 1997; DeVries, 2000; Hack et al., 1999, 2001;
Haverkamp et al., 2001).
The morphological classification of bipolar cells has been
made more objective and more quantitative by immunocyto-
chemical markers that selectively label specific cell types. Protein
kinase C (PKC) has been found to be expressed by RB cells
(Negishi et al., 1988; Greferath et al., 1990). During recent years,
several immunocytochemicalmarkers ofCB cells have been iden-
tified, such as antibodies against calciumbinding proteins (CaB5,
calbindin, recoverin, or calsenilin), transmitter receptors (neuro-
kinin receptors NK1R and NK3R), membrane channels
(hyperpolarization-activated cyclic-nucleotide gated channels
HCN1–HCN4), cell adhesion molecules (cluster of differentia-
tion CD15), or synaptic vesicle proteins (synaptotagmin).
More recently, expression of green fluorescent protein (GFP)
under the control of specific promoters has been observed in
specific types of bipolar cells of the mouse retina. All ON bipolar
cells were labeled with GFP driven by themGluR6 (metabotropic
glutamate receptor 6) promoter (Dhingra et al., 2008). Type 7
cone bipolar cells expressed GFP under the control of the gust-
ducin promoter (Gus–GFP) (Huang et al., 2003). Blue cone bi-
polar cells expressed Clomeleon (Clm) driven by the thy-1 pro-
moter (Haverkamp et al., 2005; Berglund et al., 2006).
It was the aimof the present study to define and apply selective
markers for all nine morphological types of cone bipolar cells of
themouse retina (Ghosh et al., 2004). Themarkers were antibod-
ies and/or specific expression of fluorescent proteins in trans-
genic mouse lines. With the exception of Type 8 cells, we were
able to define such markers for all bipolar cells and study, in
retinal whole mounts, their cone contacts, densities, and axonal
patterns. The dendritic overlap (coverage) of neighboring bipolar
cells of the same type is small (coverage smaller than 2).However,
a given cone, not considering true/genuine blue cones, is con-
tacted by at least one bipolar cell of any given type. The sumof the
bipolar cell densities measured here for the individual types is in
close agreement with the total bipolar cell density reported by
Jeon et al. (1998). The set of bipolar cells described in the present
study appears, therefore, complete, meaning that no major class
of mouse bipolar cells seems to be missing.
Materials andMethods
Wild-type mice (C57BL/6J) and the following transgenic mouse lines
were used. Two mouse lines (genetic background C57BL/6J), Clm1 and
Clm12, expressed Clomeleon, a genetically encoded ratiometric fluores-
cent indicator for [Cl] under the thy-1 promoter (Feng et al., 2000;
Berglund et al., 2006). One mouse line (genetic background C57BL/6J)
expressed GFP under the gustducin promoter (Wong et al., 1999; Huang
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et al., 2003). One mouse line (genetic background C57BL/6NCrl) ex-
pressed enhanced GFP (EGFP) under the control of the serotonin 3
receptor (5-HT3R) (Haverkamp et al., 2009). Themice were deeply anes-
thetized with isoflurane and killed by cervical dislocation. All procedures
were approved by the local animal care committee and were in accor-
dance with the law of animal experimentation issued by the German
Government (Tierschutzgesetz). The eyes were removed and dissected,
and the posterior eye cup containing the retina was immediately im-
mersed in 4% (w/v) paraformaldehyde in 0.1 M phosphate buffer, pH 7.4,
for 15–30 min. After fixation, the retina was dissected from the eyecup.
For frozen sections, it was cryoprotected in graded sucrose solutions (10,
20, and 30% w/v, respectively), and cryostat sections were cut at 14 m,
mounted, and stored at20°C. For retinal whole mounts, the tissue was
cryoprotected and frozen and thawed several times. Whole mounts were
processed free floating.
Antibodies. Clomeleon consists of Topaz, a variant of the yellow fluo-
rescent protein and cyan fluorescent protein fused together. Hence, it is
already visible without immunostaining because of its green/yellow flu-
orescence. However, by applying antibodies against GFP, the fluores-
cence signal was substantially increased: rabbit anti-GFP (1:2000; In-
vitrogen) and mouse anti-GFP (1:500; Millipore Bioscience Research
Reagents). The same antibodies were also used for the amplification of
GFP and EGFP signals. Cone pedicles were labeled with a guinea pig
antiserum against glycogen phosphorylase (glypho) (1:1000) (Pfeiffer-
Guglielmi et al., 2003) (kind gift from B. Hamprecht and B. Pfeiffer-
Guglielmi, University of Tu¨bingen, Tu¨bingen, Germany) andwith a goat
antibody against GluR5C (1:100; Santa Cruz Biotechnology), which is
expressed at the dendritic tips of OFF bipolar cells (Haverkamp et al.,
2003). The layering within the inner plexiform layer was revealed by a
mouse monoclonal antibody against calretinin (1:2000; Millipore Bio-
science Research Reagents). Horizontal cells were labeled with a rabbit
antibody against calbindin (CaBP, 1:2000; Swant). Cholinergic amacrine
cells were immunostained with a goat antibody against choline acetyl-
transferase (ChAT) (1:2000; Millipore Bioscience Research Reagents).
We used the following immunocytochemical markers for mouse bi-
polar cells (Fig. 1): anti-NK3R (rabbit, polyclonal, 1:500; kind gift fromA.
Hirano, Geffen School of Medicine at University of Los Angeles, Los
Angeles, CA) for Type 1/2 bipolar cells (Haverkamp et al., 2003; Ghosh et
al., 2004; Pignatelli and Strettoi, 2004; Chang et al., 2006); anti-HCN4
(rabbit, polyclonal, 1:500; Alomone Labs) for Type 3a bipolar cells (Ma-
taruga et al., 2007); anti-protein kinase A, reg-
ulatory subunit II (PKARII) (mouse, mono-
clonal, 1:3000; BD Biosciences) for Type 3b
bipolar cells (Mataruga et al., 2007); anti-
calsenilin (mouse, monoclonal, 1:2000; kind
gift from W. Wasco, Harvard Medical School,
Charlestown, MA) for Type 4 bipolar cells
(Haverkamp et al., 2008); and anti-
synaptotagmin II (Syt2 or ZNP-1; mouse,
monoclonal, 1:200; Zebrafish International Re-
source Center, University of Oregon, Eugene,
OR) for Type 2 (Fox and Sanes, 2007) and Type
6 bipolar cells (described herein).
Antibodies were diluted in PBS, pH 7.4, con-
taining 0.5–1% Triton X-100 and 0.05% so-
dium azide with either 3% normal donkey se-
rum or 5% Chemiblocker (Millipore
Bioscience Research Reagents) or without a
blocking substance in the case of NK3R stain-
ing. Immunocytochemical labeling was per-
formed using the indirect fluorescencemethod.
Cryostat sections were incubated overnight in
the primary antibodies, followed by incubation
(1 h) in the secondary antibodies, which were
conjugated to Alexa TM 488 (green fluores-
cence; Invitrogen), cyanine 3 (red fluorescence;
Dianova), or cyanine 5 (dark red fluorescence).
In double-labeling experiments, sections were
incubated in a mixture of primary antibodies,
followed by a mixture of secondary antibodies.
Whole mounts were incubated for 2 d in the primary and for 2 h in the
secondary antibody solution. The Alexa 594-conjugated lectin peanut
agglutinin (PNA) (Invitrogen) was used at a 1:200 concentration, and
whole mounts were incubated for 2 h.
Light microscopy. Fluorescent specimens were viewed with a Zeiss Ax-
ioplan 2microscopewith a fluorescent filter set that waswedge corrected,
i.e., shifting from one filter to the other did not introduce displacements.
Black-and-white images were taken by using a cooled CCD camera
(AxioCamMrm; Zeiss). By using the Zeiss AxioVision 4.2 software, im-
ages taken with the different fluorescence filters were pseudocolored and
superimposed. The microscope was equipped with the Zeiss Apotome
oscillating grating in the epifluorescence beam, which resulted in a sig-
nificant reduction of out-of-focus stray light. Images were taken with a
Plan-Neofluar 63/1.4 oil-immersion objective as stacks of up to 30
optical sections taken from the cone pedicles to the bipolar cell axon
terminals. The cone contacts, dendritic trees, and axon terminals were
analyzed by looking through the individual sections. Density measure-
ments were made by collapsing selected parts of the stacks into a single
plane. Confocal micrographs were taken using a Zeiss LSM Pascal fluo-
rescence microscope equipped with an argon and a helium/neon laser.
High-resolution scanning was performed with a Plan-Apochromate
63/1.4 objective. Usually, a stack of 12 sections was taken from the
inner nuclear layer (INL) to the outer plexiform layer (OPL) (z-axis step
size, 0.6 m). Another stack was taken afterward from the INL to the
axon terminals.
The densities of cone pedicles and bipolar cells were always measured
in the same retinal fields that were double labeled for a cone pedicle
marker (PNA, glypho, orGluR5) and a type-selective bipolar cellmarker.
Usually,10 fields (141m long and 106mwide) were analyzed. They
were sampled from different eccentricities and from two or three differ-
ent retinal wholemounts. For each field, the cone density, the bipolar cell
density, and the ratio of cone density to bipolar cell density were mea-
sured. The arithmetic means of the measurements are listed in Table 1.
The numbers of cones contacted by an individual bipolar cell were mea-
sured from well isolated individual bipolar cells and are shown by fre-
quency histograms.
The brightness and the contrast of the final images were adjusted using
Photoshop 5.5 (Adobe Systems).
Comparison of mouse strains. Because it is known that various mouse
Figure 1. Bipolar cell types of the mouse retina (Ghosh et al., 2004) and the markers and transgenic mouse lines used in the
present study. Csen, Calsenilin. For details, see Materials and Methods.
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strains differ with respect to allelic variants that
control nerve cell numbers, we compared in
preliminary experiments retinal cell densities of
C57BL/6J (purchased from The Jackson Labo-
ratory) and C57BL/6NCrl (purchased from
Charles River Laboratories). Retinal whole
mounts were triple stained for PNA to reveal
cone pedicles, calbindin to label horizontal
cells, and ChAT to stain OFF and ON cholin-
ergic amacrine cells. It had been shown that the
densities of these cells vary in different mouse
strains (Raven et al., 2005; Reese et al., 2005;
Keeley et al., 2007; Whitney et al., 2008). Sup-
plemental Figure 1 (available at www.
jneurosci.org as supplemental material) shows
labeled cone pedicles, horizontal cells, and OFF
and ON cholinergic amacrine cells in retinal
whole mounts. The following densities (cells
per square millimeter) were measured from
eight fields (four peripheral and four central):
C57BL/6J mice, cone pedicles, 13,435  1961;
horizontal cells, 1120  133; OFF cholinergic
amacrine cells, 1259 261;ONcholinergic am-
acrine cells, 1084  104; C57BL/6NCrl mice,
cone pedicles, 12,760  818; horizontal cells,
1128  78; OFF cholinergic amacrine cells,
1220 170; ON cholinergic cells, 1071 110.
The densities of the four cell types did not differ
significantly between the two substrains and are in agreement with pub-
lished data of C57BL/6 mice (Jeon et al., 1998; Strettoi and Pignatelli,
2000; Whitney et al., 2008). On this basis, we assume that data gained
from either substrain of C57BL/6 mice are interchangeable.
Results
Cone contacts and retinal mosaic of Type 7 bipolar cells
In transgenic mice (Gus–GFP), which express GFP under the
control of the gustducin promoter (Huang et al., 2003; Lin and
Masland, 2005), Type 7 bipolar cells and their axons terminating
in sublamina 4 of the IPL are prominently labeled (Fig. 2A). Less
intense GFP expression is also found in RB cells and their axon
terminals in sublamina 5, close to the ganglion cell layer. Across
the retinal surface of Gus–GFP mice, staining of Type 7 bipolar
cells is patchy; in some areas, all cells express GFP, whereas in
other areas only individual cells are labeled. Figure 2B shows a
well isolated Type 7 cell in a horizontal view with the focus on the
dendrites. The dendrites branch into many small terminals,
which are the sites of contact with cone pedicles. With the plane
of focus in sublamina 4, the axon terminal of this cell becomes
apparent (Fig. 2C), and, in sublamina 5, RB axon terminals are
found (Fig. 2D). Focusing through a retinal whole mount thus
reveals the whole Type 7 cell, dendrites, cell body, and axon ter-
minal. The cone pedicles were labeled in the same whole mounts
with antibodies against glypho, alternatively for PNA, or by the
staining of GluR5 in bipolar cell dendritic tips (Haverkamp et al.,
2005).
The convergence of cones onto Type 7 bipolar cells was mea-
sured in well isolated Type 7 dendritic trees (Fig. 3A–D). The cell
in Figure 3A (same cell as in Fig. 2B,C) was in contact with seven
cone pedicles, and that in Figure 3C contacted nine cones. The
histogram in Figure 3E shows, measured for a sample of 94 cells,
the frequency of cone contacts, which ranged from 5 to 12 with a
mean SD of 8.4 1.4 (n 94).
Cone pedicles close to the center of a bipolar cell dendritic
field receive more dendritic terminals, and cone pedicles inner-
vated by distal dendrites receive fewer contacts (Fig. 3A,B) (sup-
plemental Fig. 2A, available at www.jneurosci.org as supplemen-
Table 1. Comparison of the cone and bipolar cell densities
Type n Bipolar cell density per mm2 Cone density per mm2 Ratio cone density bipolar density Convergence
Type 1 10 2233 399 11,840 1315 5.4 0.9 8
Type 2 11 3212 543 11,806 1371 3.8 0.7 5.6
Type 3a 16 1866 605 10,941 2804 6.1 0.9 7.6
Type 3b 11 3254 536 12,824 2129 4.0 0.4 6.2
Type 4 12 3005 573 13,836 1530 4.6 0.7 6.9
Type 5 10 5001 631 12,687 1755 2.6 0.5 6
Type 6 8 3379 372 12,916 1006 3.9 0.5 ?
Type 7 9 2256 221 14,833 2602 6.6 1.2 8.4
Type 9 (BB) 6 616 135 13,167 2187 21.7 2.4
RB 10 15,153 2324 13,827 2033 0.9 0.1
Sum 39,975 Mean 12,867  1142
Types 1 and 2 (NK3R) 12 4556 1491 11,185 3186 2.5 0.4 5–8
Types 3a and 3b 16,11 5120 11,882 2.3 6–8
Type 5 10 5001 631 12,687 1755 2.6 0.5 6
The top part of the table lists the individual bipolar cell types, the number of fields analyzed (n), the bipolar cell density, the cone density, the ratio of cone density to bipolar cell density, and the convergence (number of cones contacted by
individual bipolar cells). The data referring to Type 9 blue cone bipolar (BB) cells were taken from the study of Haverkamp et al. (2005). The data referring to RB cells were measured in PKCstained retinal whole mounts. The bottom
part of the table lists the results if two bipolar cell types are labeled (NK3R, Types 1 and 2; Type 5) or added (Types 3a and 3b).
Figure 2. Bipolar cells of the Gus–GFP transgenic mouse line. A, Vertical section through a Gus–GFP mouse retina immuno-
stained for GFP (green) and calretinin (red). The retinal layers are indicated (OPL, INL, IPL, subdivided into 5 sublayers of equal
thickness; GCL, ganglion cell layer). Scalebar, 25m.B, Horizontal viewof a Type7bipolar cell dendritic tree. Four rodbipolar cells
are more weakly labeled. C, Axon terminal of the cell in B. D, Axon terminals of rod bipolar cells.
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tal material). This was quantified by measuring the area of
contact between dendritic terminals and cone pedicles in relation
to distance from the center (supplemental Fig. 2B, available at
www.jneurosci.org as supplemental material). The sizes of the
contacts decreased for distal dendrites and dropped to 50% at
12.5 m eccentricity (supplemental Fig. 2C, available at www.
jneurosci.org as supplemental material). Comparable results
have been found by P. W. Keeley and B. E. Reese (personal com-
munication). They counted the number of dendritic terminals
per pedicle and found six in the center, which dropped to 3 at 12.5
m eccentricity. Cone pedicles in the center of the bipolar cell
dendritic field provide, therefore, a stronger input than periph-
eral ones, and the sensitivity profile of a bipolar cell will be bell
shaped (Dacey et al., 2000).However, it has to be emphasized that
the feedback from horizontal cells and the electrical coupling of
neighboring cones both will also have major influences on the
overall shape of the sensitivity profile (Hornstein et al., 2004).
The divergence of the cone signal, that is the number of Type
7 bipolar cells to which a given cone is connected, was studied in
well stained patches, in which all Type 7 cells were labeled (Fig.
3F–H). The dendritic trees of the cells were more or less isolated
(Fig. 3F), but, in some instances, periph-
eral dendrites of neighboring cells termi-
nated at the same cone pedicle (Fig. 3F,
arrows). As mentioned above, peripheral
dendrites provide smaller contacts with
cone pedicles, which might be compen-
sated by such double innervation. Figure
3G shows the cone pedicle in addition to
the bipolar cells, and Figure 3Hpresents an
analysis of the cone contacts. White circles
show cone pedicles contacted by dendrites
of only one bipolar cell, and blue circles
indicate pedicles that innervate two bipo-
lar cells. The mean number of Type 7 bi-
polar cells a given cone connects, the di-
vergence of the cone signal, is between 1
and 2. There is not much redundancy in
this connectivity pattern; it just ensures
that each and all cone pedicles in Figure
3H are contacted by at least one Type 7
bipolar cell without any “blind spots.” Fig-
ure 3I shows the cell bodies and dendritic
territories of Type 7 cells in a larger area
(which includes the cells analyzed in Fig.
3F–H). The dendritic fields (white out-
lines) do not show much overlap.
The sameholds true for the axon termi-
nals (Fig. 3J). By following the descending
axons through the stack of optical sections,
it was possible to delineate the individual
axon terminals (Fig. 3J, white outlines).
Neighboring axons do not overlap; they
are strictly territorial.
We analyzed the density of Type 7 bi-
polar cells together with the cone density
in nine fields (141  106 m wide) and
found, as shown in Table 1, a mean SD
bipolar cell density of 2256  221/mm2
(n 9) and a mean SD cone density of
14,833  2602/mm2 (n  9). There were
6.6 1.2 times (mean SD; n 9) more
cones than Type 7 bipolar cells, which
means that Type 7 bipolar cells have to contact at least 6.6 cones
to provide a coverage of 1. As shown in Figure 3E, Type 7 bipolar
cells contact a mean of 8.4 cones, and, therefore, the coverage is
8.4/6.6 1.3.
In conclusion, dendritic trees and axon terminals of Type 7
cells tile the retina without much overlap; they are territorial.
Type 7 bipolar cells contact on average 8.4 cones. All cones (leav-
ing aside blue cones) are contacted by at least one Type 7 cell
(coverage of 1.3). In the ventral retina of the mouse, most cones
express both M- and S-opsin (Sze´l et al., 1992). When we men-
tion “blue cones,” we refer to the genuine blue cones that express
only S-opsin and comprise	5% of mouse cones (Haverkamp et
al., 2005). We did not specifically label blue cone pedicles in the
present study and did not address the question as to whether
certain bipolar cell types contact or avoid blue cone pedicles.
Cone contacts and retinal distribution of Type 3 bipolar cells
By the application of two immunocytochemical markers, anti-
bodies against HCN4 channels and antibodies against PKARII,
Mataruga et al. (2007) could show that Type 3 bipolar cells can be
subdivided in Type 3a and Type 3b. Type 3a and 3b cells were
Figure 3. Cone contacts of Type 7 bipolar cells. A, C, Dendritic trees of two Type 7 bipolar cells. B, D, Their cone contacts (red
label, GluR5marking cone pedicles). E, Frequency histogram of the number of cone contacts of individual Type 7 cells. F, Group of
neighboring Type 7 cells. G, Same field as in F (red label, glypho-stained cone pedicles). H, Blue circles mark cones contacted by
two bipolar cells, and white circles mark cones contacted by one bipolar cell. I, Dendritic fields of Type 7 bipolar cells
outlined by white lines. J, Axon terminals of the bipolar cells in I, outlined by the white lines. Scale bar: A–D, 12.5 m;
F–H, 15m; I, J, 20m.
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originally considered to represent one
morphological type because their axons
terminate in a narrow stratum in sub-
lamina 2 of the IPL (Fig. 1). Differences in
their dendriticmorphology and their axon
terminals did not show up in the vertical
view of Lucifer-yellow-injected cells on
which the classification of Ghosh et al.
(2004) was based.
We applied in the present study anti-
bodies against HCN4 and PKARII to ret-
inal whole mounts and analyzed the cone
contacts and retinal distributions of Type
3a and Type 3b bipolar cells (Fig. 4). Type
3a cells have curly dendrites (Fig. 4A), and
the dendritic terminals surround the cone
pedicles like nests. Type 3b cells havemore
crescent-shaped dendrites that approach
the cone pedicles more directly (Fig. 4D).
Close inspection of Figure 4, A and B,
shows that all cone pedicles are in contact
with bipolar cell dendritic terminals.
However, both Type 3a and 3b cells have
dendritic terminals that are not associated
with cone pedicles (Fig. 4A,B, arrows),
and we interpret such terminals as con-
tacts with rod spherules (Mataruga et al.,
2007). We also measured the number of
cones contacted by individual Type 3a
(Fig. 4C) and Type 3b cells (Fig. 4F), the
convergence of the cone signal. It was
found that Type 3a cells contacted a
mean  SD of 7.6  2.2 (n  89) cones,
whereas Type 3b contacted a mean  SD
of 6.2  2 (n  62) cones only. This is
compensated by the higher density of Type
3b cells. The density of Type 3a cells (Table
1) was 1866 605/mm2 (mean SD; n
16), and that of Type 3b cells was 3254 
536 (n  11). There were 6.1  0.9 times
(mean  SD; n  16) more cones than
Type 3a bipolar cells and 4.0  0.4 times
(mean SD; n 11) more cones than Type 3b cells. The result-
ing coverage of Type 3b cells was 7.6/6.1 1.25, and that of Type
3b cells was 6.2/4.0  1.55. This shows that each and all cones
(leaving aside blue cones) are contacted by at least one Type 3a
and one Type 3b cell.
The axon terminals of Type 3a cells (Fig. 4B) are thicker and
more varicose than those of Type 3b cells (Fig. 4E). The white
outlines show the axonal territories. The axon terminals of Type
3a cells do not overlap their next neighbors (Fig. 4B), and the
same holds true for the axon terminals of Type 3b cells (Fig. 4E).
However, it has to be emphasized that they both costratify in
sublamina 2, and, therefore, axon terminals of Type 3a and 3b
cells must intermingle. This predicts that the territorial behavior
of axon terminal has to be regulated by highly type-specific inter-
actions and signals.
Bipolar cells immunostained for calsenilin and the
neurokinin receptor NK3R
A retinal wholemount that was triple immunostained for GluR5,
calsenilin, and NK3R is shown in Figure 5, A and B. GluR5marks
the cone pedicles, and calsenilin reveals the dendritic network of
Type 4 bipolar cells (Fig. 5A) (Haverkamp et al., 2008). Type 4
bipolar cells have more diffuse axon terminals within sublamina
1 and 2 of the IPL (Fig. 1). Unfortunately, in the wholemount, we
were not able to separate the axon terminals because calsenilin-
labeled additional cells in the ganglion cell layer and their den-
drites overlapped with the Type 4 axon terminals. However, we
could count the number of cones contacted by individual Type 4
cells and found a mean SD convergence of 7.4 1.1 (n 31).
The mean  SD density of Type 4 cells was 3005  573/mm2
(n  12), and the mean  SD cone density was 13,836  1530/
mm2 (n 12) (Table 1). Therewere 4.6 0.7 times (mean SD;
n 12) more cones than Type 4 cells, and the resulting coverage
of Type 4 cells was 7.4/4.6  1.6. This shows that each and all
cones (leaving aside blue cones) are contacted by at least oneType
4 bipolar cell.
NK3R immunoreactivity in Figure 5B is found in thick pro-
cesses, and they also contact every cone pedicle. However, as has
been described previously, two bipolar cell types, Type 1 and
Type 2, are immunoreactive for NK3R (Haverkamp et al., 2003;
Ghosh et al., 2004; Pignatelli and Strettoi, 2004). The axons of
Type 1 and Type 2 cells terminate in sublaminas 1 and 2, and they
Figure 4. Retinal distribution and cone contacts of Type 3a and Type 3b bipolar cells. A, Dendritic trees of Type 3a bipolar cells
immunostained for HCN4 (green), cone pedicles are marked by GluR5 (red). B, Axon terminals of the Type 3a bipolar cells in A. C,
Frequency histogramof the number of cone contacts of Type 3a cells.D, Dendritic trees of Type 3b bipolar cells immunostained for
PKARII (green), cone pedicles are marked by GluR5 (red). E, Axon terminals of the Type 3b bipolar cells in D. F, Frequency
histogram of the number of cone contacts of Type 3a and Type 3b cells. Scale bar, 25m.
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form a dense plexus in NK3R-labeled retinal sections and cannot
be separated. Apparently, the same holds true for the dendrites,
and, consequently, the thick processes in Figure 5Bmay not rep-
resent individual dendrites but several dendrites fused into a sin-
gle bundle. The mean  SD density of NK3R-immunoreactive
bipolar cell bodies was 4556  1491/mm2 (n  11), and the
mean  SD cone density was 11,185  3186/mm2 (n  11)
(Table 1). This is nearly twice the bipolar cell density encountered
so far, and the high density supports the conclusion that NK3R
immunoreactivity is found in two bipolar cell types. In the fol-
lowing, selectivemarkerswill be presented that separate these two
bipolar cell types.
Bipolar cells immunoreactive for synaptotagmin 2
Fox and Sanes (2007) have shown that the synaptic vesicle-
associated protein synaptotagmin 2 (Syt2) is expressed in bipolar
cells with axon terminals in sublamina 1/2 of the IPL. They dem-
onstrated that these bipolar cells are also recoverin positive,
which is unique for Type 2 cells (Haverkamp et al., 2003). Figure
6A shows a vertical section of a mouse retina double labeled for
Syt2 and calretinin. Syt2 immunoreactivity was present in rod
spherules of theOPL, in bipolar cell bodies in the INL, and in two
distinct groups of bipolar cell axon terminals in the IPL. The
outer stratifying, brightly labeled axon terminals in sublamina
1/2 are those of Type 2 bipolar cells as described by Fox and Sanes
(2007). The inner, less intensely stained terminals in sublamina
3/4/5 we classify as the axon terminals of Type 6 bipolar cells.
When compared with the schematic drawing of the Type 6 cell in
Figure 1, the Syt2-labeled axon terminals follow the general de-
scription of Type 6, but they are more varicose and most of their
branches are found in sublamina 4/5. Type 7 bipolar cells and rod
bipolar cell axons (Figs. 1, 2) terminate also in sublamina 4/5 of
the IPL, and, therefore, one has to exclude that Syt2 is expressed
in these cells. We double labeled a section of the retina of the
Gus–GFP mouse for GFP (Fig. 7B) and Syt2 (Fig. 7A). Syt2-
labeled axon terminals in sublamina 4/5 intermingle with GFP-
labeled Type 7 and RB axon terminals (Fig. 7C), but they are not
double labeled. A confusion of Syt2-labeled axon terminals with
Type 8 or Type 9 cell axons is not possible, because Type 8 cells
havemuch wider axon terminals and Type 9 cells are muchmore
sparsely distributed.
It was also possible to study Syt2-immunostained Type 2 and
Type 6 axon terminals in retinal whole mounts. With the focus
plane in sublamina 1/2, the axon terminals of Type 2 (Fig. 6B)
and in sublamina 4/5 the axon terminals of Type 6 (Fig. 6C)
became apparent. The white outlines define the area occupied by
individual axon terminals, and, as described above for other types
of bipolar cells, they are territorial and do not overlap with neigh-
boring axon terminals. From the density of their axon terminals,
we could estimate the mean SD density of Type 6 bipolar cells
(Table 1) as 3379  372/mm2 (n  8) at a mean  SD cone
density of 12,916  1006/mm2 (n  8). The resulting cone to
bipolar cell ratio of 3.9  0.5 (mean  SD; n  9) predicts that
Type 6 bipolar cells have to contact at least four cones (conver-
Figure 5. Dendritic trees of bipolar cells in a retinal whole mount that was triple labeled for
calsenilin (Csen), NK3R, and GluR5. A, Dendritic trees of Type 4 bipolar cells immunolabeled for
calsenilin (green), conepedicles aremarkedbyGluR5 (red).B, Dendritic trees of Type1andType
2 bipolar cells immunolabeled for NK3R (green), cone pedicles aremarked by GluR5 (red). Scale
bar, 25m.
Figure6. Syt2 immunostaining of Type 2 and Type 6 bipolar cells.A, Vertical section, double
labeled for Syt2 (green) and calretinin (red). Axon terminals of Type 2 cells (in sublamina 1 and
2) are strongly labeled, and those of Type 6 cells (in sublamina 3–5) areweakly labeled.B, Axon
terminals of Type 2 cells immunostained in a retinal wholemount for Syt2. C, Axon terminals of
Type 6 cells. Scale bar, 25m.
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gence) to provide a coverage of 1. Unfor-
tunately, only the axon terminals of Type 6
cells expressed Syt2; the dendrites were not
labeled and their cone contacts could not
be studied.
Type 2 bipolar cells express GFP in the
Clm12mouse retina
The Clm12 mouse is one of the transgenic
mouse lines that express Clomeleon under
the control of the thy-1 promoter. Because
of the known variegation of this promoter,
different retinal neurons express Clome-
leon in the differentmouse lines (Berglund
et al., 2006). A retinal section of the Clm12
mouse line, immunostained for GFP, is
shown in Figure 7E. Many ganglion and
amacrine cells, as well as a sparse popula-
tion of bipolar cells, are labeled. The sec-
tionwas also immunostained for Syt2 (Fig.
7D), which labels Type 2 cells. Type 6 axon
terminals are not visible in Figure 7D; they
are too faintly stained. The superposition
of the two figures in Figure 7F shows that
all GFP-immunoreactive bipolar cells also
express Syt2 and are, therefore, Type 2
cells. However, the dendrites of the GFP-
labeled cells (Fig. 7E) are not obscured by
rod spherules, and, therefore, the dendritic
branching pattern of Type 2 cells could be
studied in Clm12 mice.
Figure 8A shows the dendritic network
of Type 2 cells labeled for GFP in a whole
mount of the Clm12 mouse retina. The
cone pedicles were stained for PNA. Every
single cone pedicle is in contactwith a den-
drite of a Type 2 cell. Some of the cells were
well isolated and the convergence could be
studied (Fig. 8C). Type 2 cells (Fig. 8B)
contacted between three and eight cones
(mean SD, 5.6 1.2; n 66). The out-
lines of the dendritic fields in Figure 8,C andD, show that there is
not much overlap between dendritic fields of neighboring Type 2
cells. This is also supported by the density measurements (Table
1). The mean SD density of Type 2 cells was 3212 543/mm2
(n 11), and the mean SD density of cones sampled from the
same retinal positions was 11,806  1371/mm2 (n  11). The
cone to bipolar ratio was 3.8  0.7 (mean  SD; n  11), and
the coverage was 5.6/3.8 1.5. Comparable with the other bipo-
lar cells analyzed above, each and all cones (leaving aside blue
cones) are contacted by one or two Type 2 bipolar cells.
Identification of Type 1 bipolar cells in Clm1 transgenic mice
In the retina of Clm1 transgenic mice, the blue cone bipolar cells
(Type 9) were prominently labeled, and their selective contacts
with blue cones and retinal distribution could be studied
(Haverkamp et al., 2005). In addition to blue cone bipolar cells,
additional bipolar cells were more weakly labeled, their labeling
was patchy across the retina, and they comprised several mor-
phological types (Duebel et al., 2006). Figure 9 shows a retinal
whole mount of a Clm1 transgenic mouse that was triple labeled
for Clm,NK3R, and Syt2. Type 1 andType 2 bipolar cells together
are immunoreactive for NK3R (Fig. 9A), whereas only Type 2
cells are immunolabeled for Syt2 (Fig. 9B). The superposition of
NK3R and Syt2 labeling (Fig. 9C), therefore, shows Type 2 cells
double labeled and Type 1 cells single labeled for NK3R. Figure
9D shows theNK3R labeling and the bipolar cells expressing Clm.
Most Clm-labeled bipolar cells within that field are also immu-
noreactive forNK3R; hence, they are either Type 1 or Type 2 cells.
Figure 9E shows for the same field Clm expression and Syt2 la-
beling, and none of the Clm-labeled cell bodies express Syt2,
which shows that they must represent Type 1 cells. Figure 9F
finally is a collapsed stack of theClm-labeled bipolar cells, and the
dendritic fields of two Type 1 cells are delineated by the white
outline.
To estimate the density of Type 1 cells, whole mounts were
triple labeled for glypho, which labels cones, for NK3R that labels
Type 1 and Type 2 cells, and for Syt2 that labels only Type 2 cells
(data not shown). By subtracting the density of Syt2-labeled
cells from the density of NK3R-labeled cells the density of Type 1
cells was calculated. Alternatively, the bipolar cells were counted
that expressed only NK3R but not Syt2. From these counts, a
mean SD density of Type 1 cells of 2233 399/mm2 (n 10)
and a mean SD density of cones of 11,840 1315/mm2 (n
10) were found (Table 1). There were 5.4  0.9 times (mean 
Figure 7. Analysis of the bipolar cells immunoreactive for Syt2. A–C, Vertical section through the retina of a Gus–GFPmouse.
A, Syt2 immunoreactivity (red) in axon terminals of Type 2 and Type 6 bipolar cells. B, GFP labeling (green) of Type 7 and rod
bipolar cell axon terminals.C, SuperpositionofAandB showsnocolocalization.D–F, Vertical section through the retinaof aClm12
mouse. D, Syt2 immunoreactivity (red). E, GFP labeling (green). F, Superposition of D and E shows that all Syt2-immunoreactive
bipolar cells in D express also Clomeleon. Scale bar, 25m.
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SD; n 10) more cones than Type 1 bipolar cells. Clm1-labeled
Type 1 bipolar cells contacted a mean  SD number of 8  1
cones (n  15), and, therefore, the coverage is 8/5.4  1.48. All
cones (leaving aside blue cones) are contacted by one or twoType
1 bipolar cells.
Identification of Type 5 bipolar cells in 5-HT3R–EGFP
transgenic mice
In vertical sections through the retina of transgenic mice that
express EGFP under the control of the 5-HT3R promoter, exclu-
sively bipolar cells were labeled (Fig. 10A). Double labeling the
retina for calretinin and GFP (Fig. 10B) shows that the axons of
GFP-labeled bipolar cells terminate in a narrow stratum repre-
senting sublamina 3 of the IPL, which corresponds to Type 5
bipolar cells (Fig. 1) (Ghosh et al., 2004). We studied the EGFP-
expressing Type 5 cells and the cones also in retinal wholemounts
(Fig. 10C,D). We had no difficulties in measuring the densities of
Type 5 bipolar cells together with the cone densities. We could
follow the axons descending into the IPL, but the axon terminals
formed such a dense, overlapping meshwork that we failed to
delineate individual axon terminals. The same was true for the
dendritic trees. They contacted usually more than five cone
pedicles, but we could not reliably define individual dendritic
trees because of the strong overlap of dendrites. The mean SD
density of Type 5 bipolar cells was 5001 631/mm2 (n 10) at
a mean SD cone density of 12,687 1755/mm2 (n 10).
As can be seen in Table 1, the density of Type 5 bipolar cells is
approximately twice that of other bipolar cells. We also listed at
the bottom of Table 1 NK3R-
immunostained cells andType 3 cells, which
both comprise two types, for comparison
with the Type 5 cells. Their densities and
cone to bipolar cell ratios are closely similar,
and the numbers predict that 5-HT3R–
EGFP (Type 5) cells actually are two types,
Type 5a and Type 5b. This is supported by
the dense network of their dendrites and
axon terminals, which is probably the result
of the superposition of two independent
dendritic and axonal territories. In the rat
retina, a subdivision of rat Type 5 bipolar
cells by the application of antibodies against
the different HCN channels HCN1, HCN2,
and HCN4 has been described previously
(Fyk-Kolodziej and Pourcho, 2007). How-
ever, application of the same antibodies to
the mouse retina did not distinguish the
Type5aand5bcells postulatedhere (F.Mu¨l-
ler, unpublishedobservations).Othermark-
ers that separate mouse Type 5a and 5b cells
will hopefully be found in the future.
Discussion
Is the catalog of mouse bipolar
cells complete?
Five putative OFF cone bipolar cells were
analyzed in the present study by selective
markers (Fig. 11). Type 1 bipolar cells were
found to be immunoreactive for NK3R,
and they could also be identified in Clm1
transgenic mice. Type 2 bipolar cells ex-
pressed NK3R and Syt2 immunoreactivity
(Fox and Sanes, 2007). Type 3a and Type
3b cells were immunostained for HCN4
and PKARII, respectively (Mataruga et al., 2007), and Type 4
cells expressed calsenilin (Haverkamp et al., 2008). In the case of
ON cone bipolar cells, markers for four types were described.
Type 5 bipolar cells were labeled in the 5-HT3R–EGFP mouse,
but they represent two types (Fig. 11, named 5a and 5b). Type 6
bipolar cells were partially identified because their axons stratify-
ing in sublamina 4/5 express Syt2. Type 7 bipolar cells were la-
beled in the Gus–GFP mouse (Huang et al., 2003). Type 9, the
blue cone bipolar cell, has been identified in Clm1 mice
(Haverkamp et al., 2005). Rod bipolar cells have been immuno-
stained for PKC (Negishi et al., 1988; Greferath et al., 1990).
This list suggests that, with the exception of Type 8 bipolar cells,
selectivemarkers, which stain the whole population, are available
for all bipolar cell types of themouse retina.We would argue that
this catalog of 11 cone bipolar and one rod bipolar types is com-
plete for the following reason. The sum of the bipolar cell densi-
ties listed in Table 1 is 39,975/mm2, and the average SD cone
density is 12,867  1142 (n  10). Jeon et al. (1998) have per-
formed a quantitative study of the major cell populations of the
C57BL/6NCrl mouse retina and described an average cone den-
sity of 12,400/mm2 and an average bipolar cell density of 41,221/
mm2. The difference between the bipolar cell densities of the
present study and that of Jeon et al. (1998) is 1246/mm2 at a cone
density of 12,400/mm2. This allows, postulating a coverage of 1,
the presence of an additional bipolar cell type that contacts a
minimum of 10 cones. Type 8 bipolar cells have a wide dendritic
field and a wide axon terminal (Ghosh et al., 2004) and thus may
Figure 8. Dendritic network and cone contacts of Type 2 bipolar cells. A, Dendritic network of Type 2 bipolar cells in the Clm12
mouse (green) and conepedicles (PNA labeled, red).B, Frequencyhistogramof thenumberof cone contacts of Type2bipolar cells.
C, Dendritic trees of the Type 2 bipolar cells in A. D, Overlap of the dendritic trees in C. Scale bar: A, 25m; C, D, 22m.
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represent this type. This analysis suggests
that the catalog of 11 cone bipolar cells and
one rod bipolar cell is complete, and all
major bipolar cell types of the mouse ret-
ina appear to have been discovered.
Convergence and divergence of the
cone signals
The number of cone pedicles contacted by
individual bipolar cells varied from an aver-
age of 5.6 for Type 2 cells to an average of 8.4
for Type 7 cells. Midget bipolar cells, which
contact a single cone in the primate retina
(Polyak, 1941), have not been observed in
themouse retina.Thedivergenceof the cone
signal (coverage) variedbetween1 and2 and
did not differ significantly between the bipo-
lar cell types.However, thequantitativeanal-
ysis of the present study has shown that each
and all cones are connected to at least one
member of any given type of bipolar cell
(leaving aside the blue cone pathway)
(Haverkamp et al., 2005). Consequently,
each cone pedicle is connected to a mini-
mum of 10 different bipolar cells. They rep-
resent 10 separate channels that transfer the
light signal into the IPL. Parallel processing,
therefore, starts at the first synapse of the retina, the cone pedicle
(Boycott andWa¨ssle, 1999; Roska andWerblin, 2001).
Dendritic field and axon territories of bipolar cells
All cones within the dendritic tree of a given bipolar cell are
contacted by this cell. Cone pedicles in the center of the dendritic
field receive more dendritic terminals; cone pedicles innervated
by distal dendrites receive fewer contacts (Fig. 3A,B) (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material). It is, therefore, to be expected that cones in the center
contribute more weight to the light response than peripheral
cones, and the sensitivity profile of bipolar cells is bell shaped
Figure9. Wholemount of a Clm1mouse retina, triple labeled for NK3R, Syt2, andGFP.A, NK3R-labeled bipolar cell perikarya (red).B, Same field as inA; Syt2 labeling of Type 2 cell bodies (green).
C, Superposition ofA andB shows that Type 2 cells are double labeled for NK3R and Syt2. Bipolar cells expressing only NK3R represent Type 1 cells.D, Same field as inA double labeled for NK3R (red)
and Clm (GFP, blue). With one exception (arrowhead), all GFP-labeled, blue cell bodies express also NK3R (red). E, Same field as in A double labeled for Syt2 (green) and Clm (GFP, blue). All
GFP-labeled, blue cell bodies do not express Syt2 (green). F, Same field as in A, showing the dendritic fields of the Clm (GFP, blue)-labeled bipolar cells. The two bipolar cells marked by the arrows
are not immunoreactive for Syt2 in B and E but are immunoreactive for NK3R in A and D and thus represent Type 1 bipolar cells. Their dendritic fields are outlined. Scale bar, 25m.
Figure 10. Type 5 bipolar cells are labeled in the 5-HT3R–EGFP mouse retina. A, Vertical section through the retina of the
5-HT3R–EGFPmouse.B, Vertical section double labeled for GFP (green) and calretinin (red). C,D, Same field of a wholemount of
a 5-HT3R–EGFP retina. C, Focus on the cell bodies of GFP-labeled bipolar cells. D, Focus on the cone pedicles marked by GluR5
immunostaining (red). Scale bar: A, B, 25m; C, D, 32m.
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(Dacey et al., 2000). Distal dendrites of two neighboring bipolar
cells often contact the same cone pedicle (Fig. 3F–H), which
could compensate for the lower input weight to either bipolar
cell. The summed sensitivity could thus be smooth giving every
individual cone the same weight in the bipolar cell network (Bor-
ghuis et al., 2008).
The axon terminals of the different bipolar cell types showed a
territorial behavior, and neighboring axon terminals of the same
type did not overlap but filled the available space evenlywith their
varicosities. A comparable tiling has been described for rod bipo-
lar axon terminals in the rabbit (Young and Vaney, 1991), for
OFF midget bipolar cells in the primate (Milam et al., 1993;
Wa¨ssle et al., 1994), and for calbindin-immunostained bipolar
cells of the rabbit (Massey and Mills, 1996).
Such even distribution of axon terminals may also have the
consequence that the output synapses of these bipolar cells are
evenly distributed within their specific sublamina. An interesting
question is how the precisely layered and territorial arrangement
of axon terminals is formed during retinal development. Type-
specific interactions have to be postulated because, as shown for
the Type 3a and 3b bipolar cell axon terminals (Fig. 4B,E), ter-
minals of different types can overlap within the same sublamina.
Yamagata and Sanes (2008) have presented evidence that, during
embryonic development, proteins such as Dscam and Sidekick
are involved in lamina-specific segregations of neuronal pro-
cesses within the IPL.
Axon terminals of neurons that project from the lamina to the
medulla in Drosophila show a type-specific segregation into dif-
ferent layers and a territorial columnar organization, which is
comparable with the bipolar cell axons of the mouse retina (Mil-
lard et al., 2007). It has been shown by Millard et al. (2007) that
elimination of Dscam2 abolishes the territorial behavior of L1
axons. They proposed homophilic Dscam2 interactions between
neighboring axons followed by contact-dependent repulsion as
the mechanism to make axon terminals territorial. Such contact
dependent repulsion of axons has also been described recently for
the axons of R8 photoreceptors in Drosophila (Tomasi et al.,
2008). It is an attractive idea to postulate comparable mecha-
nisms for the development of bipolar cell axon terminals in the
mouse retina.
Genetic markers of bipolar cells in the murine retina
It has been shown that expression of specific genes is required for
cone bipolar cell development. Irx5, a member of the Iroquois
homeobox gene family, is expressed in developing bipolar cells
and is localized to a specific subset of cone bipolar cells in the
mature mouse retina (Cheng et al., 2005). In Irx5-deficient mice,
defects were observed in Type 2 and Type 3 cone bipolar cells.
The differentiation of these two bipolar cell types has been shown
previously to require the homeodomain–CVC transcription fac-
tor Vsx1 (visual system homeobox 1) (Chow et al., 2004). More
recently, novel genetic markers of murine bipolar cells have been
found (Kim et al., 2008a,b). They have been attributed to ON
cone, OFF cone, and rod bipolar cells by RNA in situ hybridiza-
tion analysis. However, an attribution to specific types has not yet
been possible. Badea and Nathans (2004) were able to identify
different bipolar cell types of the mouse retina by a genetically
directed alkaline phosphatase reporter. They performed a cluster
analysis of the labeled cells, which accounted for parameters such
as stratification and diameter of axon terminals. A total of eight
clusters of bipolar cells was identified, and some of the clusters
showed close correspondence to the classification applied in the
present study. Cluster 4 appears to represent blue cone bipolar
cells (Type 9), and cluster 8 is similar to Type 8 cells.
Comparison of bipolar cell types among mammals
There are at least ninemorphological types of cone bipolar cells in
the mammalian retina, which have been classified according to
their branching pattern, the number of cones contacted, and the
shape and stratification of their axons in the IPL (cat: Famiglietti,
1981; Kolb et al., 1981;McGuire et al., 1984; Pourcho andGoebel,
1987; Cohen and Sterling, 1990a,b; rabbit: Famiglietti, 1981;
Mills and Massey, 1992; Jeon and Masland, 1995; McGillem and
Dacheux, 2001;monkey: Boycott andWa¨ssle, 1991; rat: Euler and
Wa¨ssle, 1995; Euler et al., 1996; mouse: Ghosh et al., 2004; Pig-
natelli and Strettoi, 2004). During recent years, several immuno-
cytochemical markers of cone bipolar cells have been identified.
Unfortunately, some of these markers are expressed in different
bipolar cell types among different species. Recoverin immunola-
beling, for instance, is expressed in OFF midget bipolar cells of
the macaque monkey retina (Milam et al., 1993; Wa¨ssle et al.,
Figure 11. Summary diagram of the bipolar cell types as defined in the present study. A total of 11 cone bipolar cells and one rod bipolar cell could be distinguished by immunocytochemical
staining (outlines) or by GFP/Clomeleon expression in transgenic mouse lines (green cells).
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1994), in OFF and ON bipolar cells of the rat retina (Euler and
Wa¨ssle, 1995), and in OFF bipolar cells of the mouse retina
(Haverkamp et al., 2003). In the marmoset monkey, CD15 is
expressed inOFFmidget andDB6ONcone bipolar cells (Chan et
al., 2001), in the rabbit, CD15 labels an ON cone bipolar cell
(Brown and Masland, 1999), whereas in the mouse, CD15 is ex-
pressed in OFF cone bipolar cells (Jakobs et al., 2003; Ivanova et
al., 2006). These examples show that a comparison of bipolar cell
types between different species has to rely on multiple features,
such as the expression of glutamate receptors (kainate or AMPA)
(DeVries, 2000), the axonal stratification, and the cone conver-
gence (midget or diffuse), and at present, a unifying classification
scheme of mammalian bipolar cells is not yet possible.
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